Majority of the coalbed methane reservoirs contain large amounts of water at initial reservoir conditions. Presence of water in the wet coal results from the chemical and physical bonding of coal with water, and influences the properties of coals. Frequently, dewatering is necessary prior to methane production from coal. However, some water still remains in the coal cleat and matrix after dewatering. The remaining water influences the coal gas isotherm, changes the coal gas phase diagram, and hence affects the performance of the enhanced coal gas recovery by simultaneous CO 2 /N 2 injection.
Introduction
The cleats in coalbed methane reservoirs are usually saturated with water at initial reservoir conditions. The water may diffuse through the liquid and vapor phases, and adsorb on the internal surfaces of the coal matrix. The amount of the adsorbed water on the coal internal surface depends on the coal wettability to water and the prevailing reservoir conditions, such as the gas composition, temperature, and pressure. Gosiewska et al. (2002) show that the mineralogical nature of coal largely influences the wettability of the coal surface with water. At macroscopic scale, carbon surface is hydrophilic resulting in little water adsorption. However, if Hbonding sites are present at the surface, forming strong bonds between the water and the coal surface may alter the wettability and enhance the water adsorption. Therefore, various coals have different affinity to the water. However, coal properties are usually affected by water at elevated pressure and temperature reservoir conditions. Under those circumstances, the water diffuses into the coal and is adsorbed on the coal internal surfaces. The presence of water in the coal internal surfaces, where the gas phase is mostly adsorbed and stored, affects the ability of the coal to adsorb and hold various gases, and hence complicates the development of the coalbed methane isotherms. Kross et al. (2002) reported that moisture-equilibrated coals showed 20-25% lower methane adsorption capacity than dry coals. They also indicated that the moisture content of coal reduces the coal sorption capacity for carbon dioxide. The adsorbed water occupies some of the sorption sites and reduces the available surface for gas molecules adsorption on the coal internal surfaces. Some of the adsorbed water may block the gas path to the micropore system. There exists certain coal water content, beyond which the coal sorption gas content does not decrease by increasing the coal water content. Under this condition, all possible adsorption sites for water are occupied and hence maximum water adsorption occurs. Allardice and Evans (1971) modified the BET equation to correlate the equilibrium mono-layer water adsorption data of the Yallourn brown coals. They offered a number of conclusions as following. The number of functional groups present on the coal surface may affect the water sorption capacity of the coal. Most of the functional groups contains large amount of oxygen atoms that may make strong bonds with the hydrogen atoms available in water. Thus, the presence of such bonds may cause some water adsorption in coal. It is also presented that the capillary raise may be another major factor, affecting the water adsorption on the coal internal surface. Stamm (1956) measured the diffusion of water into uncoated cellophane at steady-state. Stamm measured liquid and vapor water adsorption on cellophane versus time. The results show that the frequency of the impact of the surface by water molecules controls the takeup of the water on the solid surface by vapor adsorption. The frequency of the impact of the surface by water molecules is a function of the vapor
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Effect of Resident Water on Enhanced Coal Gas Recovery by Simultaneous CO 2 /N 2 Injection H. Jahediesfanjani, SPE, and F. Civan, SPE, U. of Oklahoma pressure. Stamm concluded that the same phenomenon should occur for the adsorption of water from liquid phase. The void capillaries are of the molecular size in solids having very tight pore structure such as coals. Therefore, the penetration of the solid surface occurs because more energetic water vapor leaves the liquid phase, as in the vaporization process. Muster et al. (2001) determined that the amount and rate of water adsorption on silica samples depend on the frequency of the surface hydroxyl groups and the water condensation rate to form multilayers. It was observed that the water adsorption rate is relatively high at the beginning of the adsorption process due to the hydroxylation-state of the silica particle surface. However, the adsorption rate decreased due to condensation and resulted in multilayer water coverage. Monazam et al. (1976) presented a model to predict the coal moisture content at any time after exposing the coal to moist air. Their model is based on the Fick's law and material balance concept. This model allowed the accurate prediction of the time-dependency of water adsorption in coal. Clarkson and Bustin (2000) examined the effect of moisture on the binary gas adsorption/desorption isotherms. They concluded that the Dubinin and Astakhov (D-A) and Dubinin-Radushkevich (D-R) isotherms better fit the equilibrium adsorption data for both dry and moistureequilibrated coals. Jahediesfanjani and Civan (2006) proposed a nonequilibrium model based on the mass conservation law, nonequilibrium adsorption thermodynamics, and D-R isotherms to describe the time-dependency of the simultaneous water and multi-component gas adsorption on carbonaceous materials and coals. They modified and extended the non-equilibrium single component gas adsorption isotherm presented by Rudzinsky and Panczyk for applications to the multicomponent and multi-phase adsorption cases. The model showed promising results as demonstrated using several literature data and was confirmed to be applicable in predicting the time-dependency of simultaneous adsorption of various gas components and water molecules on the internal coal surfaces. This paper presents further applications of the extended and modified model. A number of experimental and theoretical studies are conducted to develop the multicomponent gas, water, and coal isotherms for a range of pressures and coal grain sizes. The resulting isotherms are facilitated in describing the adsorption/desorption phenomena in various CO 2 /N 2 /CH 4 /water mixtures in low and high rank coals. The effect of the presence of water, composition of the gas and water phases, and prevailing experimental conditions on the injected CO 2 /N 2 adsorption rates and methane production rate is investigated for dry and wet coals. The optimum CO 2 /N 2 injection ratio yielding the maximum enhanced gas recovery from coal-bed reservoirs is determined. The details of the present study are presented elsewhere by Jahediesfanjani (2006) .
Formulation
A methodology is developed here to interpret and analyze the experimental data and improve the primary and enhanced coalbed methane reservoir simulation quality, based on a formulation involving the non-equilibrium adsorption thermodynamics, mass conservation law, and volume filling theory expressed by the D-R isotherm.
Overall Material Balance. The material balance relationships for a system of multi-component gas, water, and coal at each time step is given by:
where the subscripts w, g, c, and i represent the water, gas, coal, and gas component i in the gas phase, respectively. The lower case subscript is a phase indicator and the upper case subscript represents the specific component contained in a phase. For instance, n Gw refers to the number of moles of gas component in the water phase.
Coal Volume Change. Coal volume changes because of coal swelling by gas adsorption and coal shrinkage by gas pressure. Maggs (1946) assumed that coal swelling is proportional to the heat of adsorption, which is proportional to the system total pressure at a constant temperature. This assumption is approximately valid for gaseous hydrocarbons and nitrogen gas adsorption on coal (Larsen, 2004) . The coal volume change due to the system pressure and pore pressure changes are expressed by: where i refers to any adsorbed gas or water components, e refers to the equilibrium state between components i in gas and coal phases, and c c and c s refer to the coal isothermal compressibility due to the external or overburden pressure in the reservoir condition and coal swelling/shrinkage coefficient due to the gas production/injection processes. These values are reported elsewhere, Jahediesfanjani, 2006. Non-Equilibrium gas sorption thermodynamic. Dubinin and Astakhov (D-A) (1971) developed an isotherm for adsorption of vapors on microporous adsorbents using Polany's theory of adsorption (1932) based on the physical and chemical concepts. (Clarkson, 2003) The Dubinin and Radushkevich (D-R) and D-A isotherms are the semiempirical relationships for adsorption of various gases and water vapors on coal surfaces, expressed as: 
tanĥ ln exp (6) where g g i fˆ represents the fugacity of the gas component i in the gas phase.
Non-Equilibrium Gas-Water Thermodynamics. A similar thermodynamic approach as for the system of gas and coal is adopted to develop the relationships between the nonequilibrium gas-water isotherms (Jahediesfanjani, 2006) . Equations 7 and 8 represent the mole fraction change of the gas and water components in both gas and water phases versus time. 
The binary interaction coefficients and other parameters defined in the above equations are summarized elsewhere, Jahediesfanjani, 2006 . The fugacity of the components in water phase is calculated by (Evelein and Moore (1979) , and . γ is activity coefficient of the water component in the water phase. The activity coefficients are calculated using the modified UNIFAC-Lyngby, Weidlich and Gmehling, 1987, and UNIFAC-Dortmond Larsen et al. (1987) , Weidlich and Gmehling (1987) correlations.
The adsorbed phase fugacity is estimated by: 
where:
Equation 13 is modified for the high pressure state where the equation parameters may be written in more generalized form as:
Determination of Non-Equilibrium Isotherms A computer code was developed in MATLAB to solve the above equations and calculate the amount of each gas component in the water, gas, and coal phases. The calculation procedure is described below: 1. Measure the initial coal, gas, water volumes, and their component mole fractions. 2. Monitor the pressure changes as a function of time.
3. Calculate the values of P o for various gas components using the method proposed with Kapoor et al. (1987) . (20) 4. Guess the new gas and water phase component mole fractions for both gas and water phases. 5. Estimate the gas phase components fugacity using Equations 9-11 and water phase activity coefficients using Equations 12 and 13. 6. Calculate the gas and water phase component mole fractions using Equations 7 (a convenient form of Equations 7 and 8).
where m represents y for gas phase and x for liquid phase and t represents the time step. 7. Compare the calculated x and y with the assumed values in step 4. If the difference is sufficiently small, then move to step 8, otherwise repeat steps 5-7 using the just calculated values of x and y. 8. Use the overall material balance equations (1 and 2) to calculate the volume of the adsorbed gas components and calculate the mole fraction of each component in the coal. 9. Estimate the fugacity of the adsorbed phase using Equation 12. 10.
Plot
and fit the best curve to the data points and determine the parameters of D, r, K gs and V m for each component.
Analysis of Laboratory Adsorption Data
Two different coal samples referred to as Coals A and B are selected and analyzed. The coal samples are grinded into six different grain sizes. The moisture and ash content of each sample are measured using a Thermo-Gravimetric Analyzer (TGA). The coal analysis indicates that coal B has lower ash content than coal A. Therefore, coal A has more fixed carbon present in its structure and hence higher rank than coal B. The volumetric adsorption equipment described in Figure 1 is used to perform the sorption tests. The equipment is a constant volume PVT cell kept at a constant temperature throughout the measurement. First, a certain volume of gas is charged into the PVT cell initially loaded with a certain amount of coal and water. The system is allowed sufficient time to attain an equilibrium at the initial pressure. As the gas and water adsorb on the coal, the composition and total pressure of the gas, water, and coal vary in the PVT cell. The pressure variation in the PVT cell is recorded at various time intervals until the equilibrium is reached. The following adsorption tests are performed on coal after testing and checking the equipment for the pressure and temperature sensitivities: (1) Non-equilibrium gas-water absorption, (2) non-equilibrium single component gas adsorption, (3) nonequilibrium single-component gas-water adsorption, (4) nonequilibrium multi-component gas adsorption, and (5) nonequilibrium multi-component gas-water adsorption. These experiments are conducted for various initial gas pressures, different coal particle sizes, and various initial CO 2 /N 2 ratios in the injected gas mixture. The total pressure decline in the PVT cell is measured as a function of time for each case. Then, the adsorbed volume of each component on the coal versus time is determined by the methodology described in the next section.
The data analysis and interpretation methodology developed in the previous section is now applied to interpret the obtained experimental non-equilibrium data for various cases as described in the following.
Case I. Gas-Water System. Figures 2 and 3 show the measured PVT cell pressure versus time for the nitrogen-water and carbon dioxide-water systems. To interpret the gas-water absorption data points, Equations 7 and 8 are used.
Figures 4 and 5 present the mentioned curve-fitting procedures for nitrogen-water system. The parameters K N2-w and K w-N2 are obtained by curve fitting process. Even though these equations are derived based on the kinetics of the thermodynamic relationships between water and gases the concept is very similar to that of the diffusivity of gases in water. These values are named herein as the thermodynamic apparent diffusivity factors (D ta ) and are obtained from the slope of the best fit according to the above plots. These values for the nitrogen-water system at 100 psia and 301. Tables 1 and 2 for nitrogen and carbon dioxide for various pressure levels.
Case II. Single Component Gas-Coal System. The evaluation of the coal-gas system data is very similar to that of water-gas system. In both gas-coal, and gas-water cases there are two phases interacting with each other. The gas component is present in both gas and coal phases. However, the coal component is only present in the coal phase. Applying the procedure described before, the equilibrium and nonequilibrium isotherms are obtained for both nitrogen and carbon dioxide adsorption on coal. Figure 4 shows the pure nitrogen adsorption non-equilibrium isotherm in coal A for various coal grain sizes. As coal grain size increases, the time required to achieve equilibrium increases correspondingly. However, the final adsorbed amount is independent of the coal grain sizes. Figures 5 and 6 indicate the obtained nonequilibrium isotherms for various pressure levels and average coal grain size of 0.15 inch for the high rank coal. The end point of each non-equilibrium curve represents one point in the equilibrium isotherm. Therefore, the new technique introduced in this study helps constructing both equilibrium and non-equilibrium isotherms together. The non-equilibrium isotherms obtained for the low rank coals also indicate similar trends. However, for low rank coals the carbon dioxide and nitrogen adsorption rates are 30-40% less than high rank coals.
Case III. Single Component Gas-Coal-Water System. This system is a three phase system of gas, water, and coal. The gas phase can dissolve in water and adsorb in coal internal surfaces. Likewise, the water may evaporate to the gas phase and adsorb in the coal internal surfaces. The evaluation of the system of gas-water-coal is more complicated than the previous cases. However, the present method is capable of determining the equilibrium and non-equilibrium isotherms for this system. Figures 7 and 8 show the adsorbed volumes of single component nitrogen and carbon dioxide versus time for various pressure levels. Comparing Figure 7 and 5 indicates that presence of water in the system reduces carbon dioxide adsorption rates by 20%-30% for high rank coals. Comparing Figures 8 and 6 also indicates that the presence of water reduces nitrogen adsorption by 40%-50% for high rank coals. Similar investigation of the experimental results for the low rank coals indicate that the presence of water in the sorption system reduces carbon dioxide adsorption rates by 30%-40%, and nitrogen injection rate by 40%-50%. The reduction in the gas adsorption rate in the presence of water may be due to several reasons. The water may diffuse into the coal internal surfaces and plug some of the previously open adsorption sites. Therefore, the gas molecules have less solid surface available to diffuse through. Also the evaporation of water molecules to the gas phase can increase the gas phase average molecular size and hence reduce the effectiveness of the diffusion of these molecules in the coal internal surface. The weight fraction isotherm of the adsorbed water in coal can also be determined by applying the present method. These isotherms are presented in Figures 9 and 10 for water adsorption weight fraction from the N 2 -Water, and CO 2 -Water solutions. Figures 9 and 10 also indicate that there is a maximum pressure beyond which water does not adsorb on the coal surface further. This maximum pressure corresponds to the maximum coal water content.
Case IV. Multi-Component Gas-Water-Coal System. One of the methods considered to enhance the CO 2 sequestration procedure in coal is simultaneous CO 2 /N 2 injection. The affinity of the coal to adsorb the carbon dioxide gas is 2-10 times more than the nitrogen gas. Therefore, the majority of the adsorbed nitrogen gas remains free in the cleat system and hence reduces the methane partial pressure in the cleat structure and accelerates methane diffusion from the matrix to the surrounding cleats. Moreover, the free nitrogen in the cleat system prevents the cleat permeability and porosity reduction by coal swelling due to the carbon dioxide adsorption. However, in the reservoir condition, carbon dioxide is dissolved and reacted with the resident water. Presence of nitrogen in the injected carbon dioxide will decrease the effect of water on carbon dioxide and also will change the gas mixture critical pressure and temperature. Therefore, an optimum CO 2 /N 2 injection ratio exists for which the CO 2 sequestration and methane production attain the maximum. The experimental results indicate that changing the initial CO 2 /N 2 injection ratio affects the shape of the developed non-equilibrium and equilibrium isotherms. The following will describe the effects of the presence of water on gas adsorption rates in more details. Figure 11 shows the developed non-equilibrium isotherms for both carbon dioxide and nitrogen systems with different initial composition. Comparing the sequestration results for the case of pure carbon dioxide and the mixture of nitrogen and carbon dioxide shows that for the case of total initial pressure of 200 psia and the Pr = 0.25 the carbon dioxide sequestration rate is increased by 1.5% when mixture of carbon dioxide and nitrogen is injected. A similar behavior was observed for the other pressure levels. Figure 12 shows the effects of changing the initial CO 2 /N 2 injection ratio on enhancing the coal carbon dioxide sequestration rate for both high and low rank coals. Figure 12 indicates that Pr = 0.5 and Pr = 0.7 result in the maximum CO 2 sequestration rate beyond which increasing the initial N 2 /CO 2 ratio in the CO 2 -N 2 mixture does not affect the carbon dioxide sequestration rate further for high and low rank coals respectively.
Improved Coalbed Methane Reservoir Simulation
The multi-component and multi-phase non-equilibrium isotherm developed in this study is applied to improve the coalbed methane primary and enhanced gas recovery simulators. Typical scenarios are presented to illustrate the field applications of the present method.
Case I. Single component gas, single phase flow in a rectangular reservoir. The gas transmission throughout the matrix structure in coal and shale gas reservoirs is modelled using the following approach ( Figure 13 ):
where m is the desorbed gas mass, and τ is the mass of gas entered to the surrounding cleats from the matrix structure. The gas velocity in the matrix structure is estimated from the Fick's law according to the following relationships: Case I.a. High rank Coal with extremely low matrix porosity (Close to zero). The simplest case to model is a single component gas (methane) and single phase flow of gas in the coalbed methane reservoir. The numerical simulation technique is fully described in Appendix 1. However, the simulation procedure can be further simplified for this case as described in Appendix 1.
Equation A9 is applied for two different scenarios. For illustration purposes a portion of a CBM reservoir with drainage area of 2,500 ft2, height of 15 ft, temperature of 100 o F, and initial pressure of 1,300 psia is considered. The methane isotherm properties are given as: a Vm = 120, b Vm =434, a D =0.0009 , b D =0.131 , P o = 6430 psia.
The first scenario considers the gas diffusivity throughout the macropores as the limiting process. In another words, the gas desorption rate is so low that the desorbed gas is immediately produced. However, the gas micropore diffusion mechanism could allow more production if there was more desorbed gas available. Figure 14 shows the cumulative gas production due to micropore and macropore diffusion mechanisms. The cumulative gas production curve is the same as the cumulative desorbed gas because desorption is the limiting process.
The second scenario considers the gas diffusion throughout the matrix micrpores as the limiting process. The gas desorption rate is high, but the transfer of the desorbed gas to the surrounding cleats is slow. Figure 15 shows the cumulative gas production due to micropore and macropore diffusion mechanisms. The cumulative gas production curve is the same as that of the cumulative diffused gas, because the gas diffusion throughout the matrix micropores is the limiting process. Case I.b. Low rank coals and shale with relatively higher matrix porosity. The low rank coals and shale reservoirs contain higher matrix porosity and therefore, the free methane stored in the matrix pore spaces is comparable with the adsorbed methane in the matrix coal internal surfaces. The formulation procedure for gas production from these two reservoirs is described in Appendix 2. Various scenarios can be considered for the case of low rank coals and shale with higher matrix porosity. These scenarios help studying and history matching different behaviors of coalbed methane and shale gas reservoirs under different conditions.
The first scenario considers very high matrix porosity so that the available free gas in the matrix structure is the limiting process. In another words, the coalbed or shale gas production are dominated by the gas produced from the matrix pore structure. In this case, usually the gas diffusion and gas desorption rates are very low. The diffused gas is all contributed by the free gas in the matrix structure. This type of reservoirs is usually non-economical to produce because the production rate is very slow. The matrix stimulation and somehow increasing the methane diffusivity throughout the matrix would be some alternatives to increase the reservoir productivity. Figure 16 shows the cumulative production of a coalbed methane reservoir with the characteristics indicated in the previous section. The main difference between this case and the previous case is the matrix porosity. The matrix porosity in this case is assumed to be 5%.
In the second scenario, the matrix free gas and the gas diffusion throughout the matrix macropores are together the limiting processes. Therefore, after sometime of the reservoir life the free gas is completely produced, and then the desorbed gas is produced. However, the matrix macropore diffusion rate is slower than the gas desorption rate. Figure 17 shows the cumulative production, production rate, and reservoir average pressure versus the production time. The average reservoir pressure declines faster and the gas production rate is higher than the previous case. However, if there was any method available to increase the gas matrix diffusivity in the matrix macropores, the gas production rate would have been increased.
In the third scenario, the matrix free gas and the gas desorption throughout the matrix micropores are together the limiting processes. Therefore, after sometime of the reservoir life the free gas is completely produced and then the desorbed gas is produced. However, the matrix micropore desorption rate is slower than the gas matrix macropores diffusion rate. Figure 18 shows the cumulative production versus the production time, initially by the free gas production from the pores of the matrix structure followed by the desorbed gas production. Increasing the productivity of these reservoirs is a difficult task.
There are other scenarios combining the previously mentioned cases. Each combination may be used to describe specific cases of the CBM and shale gas reservoirs.
Case II. Pure carbon dioxide injection and methane production. It was previously mentioned that coal and shale adsorb carbon dioxide preferentially more than methane. Therefore, coal adsorbs carbon dioxide and desorbs the previously adsorbed methane. The adsorption/desorption processes at the reservoir scale are described by the expressions described in Appendix 3. Several examples are given in the following.
Case II.a. High rank Coal with extremely low matrix porosity (Close to zero). For illustration purposes, the same reservoir explained in the previous section is subjected to CO 2 injection. The following information are considered: CO 2 injection rate: 1.0 Mscf/day, E : 4.21E+5 psi, υ: 0.35, α CH4 : 1.0E-7 ft 3 /scf, α CO2 : 1.0E-7 ft 3 /scf, k o : 10 md, φ o : 0.004, c f : 9.6E-4psi -1 . Figure 19 indicates that 1.0 Scf methane is desorbed per 5.0 Scf adsorbed carbon dioxide under the given conditions. Figure 20 shows that the carbon dioxide injection almost doubles the methane production as the case without injection.
Case II.b. Low rank coals and shale with relatively higher matrix porosity. When the coal or shale matrix porosity is significant, like in low rank coals and most shale reservoirs, the matrix storage capacity for carbon dioxide and methane are different than the high rank coals. The injected carbon dioxide first fills the pore space of the coal or shale and then adsorbs on the coal internal surfaces.
The matrix pressure and gas mole fractions in the coal matrix are divided into two categories as the micropores and macropores. These values are calculated at each time step. The results are very similar to the previous section. Therefore, they are not shown here.
Case III. Mixture of carbon dioxide and nitrogen injection and methane production. Carbon dioxide is sequestrated in coal seams to enhance coal gas recovery and reduce the harmful green house gases. Nitrogen is also usually injected with carbon dioxide to improve the coal gas recovery further. Carbon dioxide is adsorbed on the coal internal surface and expels out of a portion of the previously adsorbed methane. Coal adsorbs nitrogen much less than methane and carbon dioxide. Therefore, the unabsorbed nitrogen in the cleat reduces cleat methane partial pressure and increases the methane potential difference between the cleats and coal adsorption sites. Coal cleat permeability and porosity alterations by coal matrix shrinkage/swelling due to the coal gas adsorption/desorption process and temperature difference between coal and the injected gas are some of the important parameters that may influence final coal gas recovery. The success of the simultaneous carbon dioxide and nitrogen injection to the coal seam depends on several parameters, including gas mixture injection rate, pressure, mole fraction, and the prevailing reservoir temperature and pressure conditions. For illustration purposes, a portion of a coalbed methane reservoir described in the previous sections is considered for the CO 2 /N 2 injection. Various scenarios are discussed in the following section. Scenario 1. Effect of the injected CO 2 /N 2 mole fraction in the coal gas recovery. Figure 21 presents the equilibrium CO 2 , CH 4 , and N 2 isotherms utilized in this example. Figure 22 indicates that the coal adsorbs preferentially more carbon dioxide than methane and nitrogen. Figure 23 shows the methane gas production for various mole fraction ratios of CO 2 /N 2 gases in the injected gas mixture. The figure indicates that for the given system adding about 0.03% mole fraction of nitrogen to the injected carbon dioxide gas will increase the methane recovery factor by 2%. However, increasing the amount of nitrogen in the carbon dioxide does not change the total methane recovery factor. Scenario 2. Effect of the injected CO 2 /N 2 rate in the coal gas recovery. Consider that the total CO 2 /N 2 injection rate remains constant throughout the operation. Therefore, the bottomhole pressure changes. The total methane production is also a function of the initial injection rate. Figure 24 shows that as the injection rate increases the total methane production increases correspondingly. However, there is a limitation in the injection rate. Because, as the injection rate increases, the bottomhole pressure increases as well indicating that the injection pressure has to increase to overcome the bottomehole pressure. Increasing the injection pressure will result in higher required energy and hence will increase the injection operation costs. Moreover, increasing the injection pressure will decrease the total injected gas temperature. Reduction in the temperature will cause severe damage to the cleat permeability and porosity. Therefore, there is always an optimum injection rate to minimize the cost and damage, and maximize the system efficiency. Figure 25 shows the relationships between the final nitrogen gas adsorption in coal, and the diffusion and adsorption rates. According to this figure, after 5 years of nitrogen injection, the coal is saturated with nitrogen and does not adsorb the nitrogen gas any further. However, the gas diffusion appears to be the dominant N 2 transport mechanisms during the first 5 years and then the adsorption becomes the limiting process. After 5 years the unadsorbed gas remains free in the cleat structure. The free gas holds the total pressure in the cleat high and hence prevents the matrix swelling due to CO 2 adsorption. Moreover, the partial pressure and hence the concentration of methane gas in the cleat reduces resulting in more methane diffusion into the cleats.
For the same system, Figure 25 shows the relationships between the final carbon dioxide gas adsorption in coal, and the diffusion and adsorption rates. According to this figure, the carbon dioxide adsorption rate in coal is so high that it is out of the magnitude of this figure. However, it is also indicated that the carbon dioxide injection rate is the limiting process during the first 5 years. Then, the gas diffusion becomes the limiting process. As a result, some injected carbon dioxide remains free and unadsorbed in the cleat after 5 years. However, the ratio of the unadsorbed to adsorbed CO 2 is very small and almost negligible for this system. Figure 26 also indicates that the methane production is mainly limited by methane gas diffusion throughout the matrix structure. However, the obtained curves and the limiting mechanisms will be different for various values of the apparent matrix macropore and micropore diffusivities.
Conclusions
The following may be concluded from the present study. 1. Various coals have different affinities for water. The water adsorption rate on the coal internal surface varies depending on the coal surface wettability, presence of functional groups, and prevailing reservoir pressure and temperature conditions. Coal wettability and affinity to water change when the reservoir pressure and temperature, and gas composition change. 2. The present non-equilibrium multi-component gas-watercoal model can predict these components and phase interactions at reservoir conditions with very high accuracy. 3. The resident water in petroleum reservoirs affects the shape of the developed isotherms. The presence of the water reduces the coal affinity to various gases. The experimental results indicated that presence of water in the system reduces carbon dioxide and nitrogen adsorption rates by 20%-30% and 40%-50%, respectively, for high rank coals. Similar experimental results for low rank coals indicate that presence of water in the sorption system reduces the carbon dioxide adsorption rates by 30%-40%, and nitrogen injection rate by 40%-50%. 4. Water adsorption in coal increases as pressure increases. However, there is maximum coal water content beyond which increasing the pressure will not result in more water adsorption in coal. 5. Mixtures of carbon dioxide and nitrogen can be injected into the coal seam to compensate for the reduction in the CO 2 desorption rate due to the presence of water. However, there is an optimum CO 2 /N 2 injection ratio beyond which increasing mole fraction of nitrogen in the injected CO 2 /N 2 mixture will not increase the CO 2 sequestration rate further. 
Assuming an average diffusivity coefficient for the entire matrix block, Eq. A1 is expanded as:
For the reservoir matrix grid block average properties Equation A.2 becomes:
where F S is a shape factor. The fracture spacing, S f , is defined as: The gas concentration is defined as the gas moles available in the specific volume of the matrix structure, according to:
where V is the volume of the same number of moles of gas at standard conditions. Therefore, Equation A.5 can be written as:
The volumetric flow rate is given by: The volume of the gas in the matrix is a function of time at a specific matrix pressure and is estimated using the nonequilibrium isotherm, given below: The apparent gas diffusivity of methane gas in the macropores and micropores of the reservoir are defined, respectively, as:
Appendix 2. Formulation of gas diffusivity through matrix micropores and macropores for low rank coals and shale gas reservoirs. The cleat-matrix gas flow rate is expressed by:
The gas volume entering the cleat structure is also expressed as:
The apparent gas diffusivity in the matrix microspores and macropores are defined, respectively, as: .20 shows that the matrix gas production rate is initially due to the matrix pore volume gas diffusion throughout the matrix. The diffused gas is replaced by the desorbed gas. If the diffusion coefficient is large enough then the desorption rate is the limiting step in matrix gas production and transportation. However, if the matrix gas diffusion coefficient is relatively small, the matrix gas production will be diffusion limited.
The gas concentration in the matrix to be used in equation A.20 is defined as: The volume of the gas in the matrix is a function of time for a specific matrix pressure and is estimated using the nonequilibrium isotherm, given below: Figure 11 . Kinetics of binary gas adsorption on coal for two different initial CO 2 /N 2 injections. P tin =200 psia. Figure 18 . Cumulative gas production where the gas production from the matrix pore structure is the dominant process. 
